Dietary restriction interferes with oxidative status and intrinsic intestinal innervation in aging rats  by Cirilo, Carla Possani et al.
lable at ScienceDirect
Nutrition 29 (2013) 673–680Contents lists avaiNutrition
journal homepage: www.nutr i t ionjrnl .comBasic nutritional investigation
Dietary restriction interferes with oxidative status and intrinsic intestinal
innervation in aging rats
Carla Possani Cirilo M.Sc. a,*, Jo~ao Paulo Ferreira SchoffenM.Sc. b, Ana Paula de Santi-Rampazzo Ph.D. a,
Mariana Cristina Vicente Umada Zapater M.Sc. a, Fernando Augusto Vicentini M.Sc. a,
Jurandir Fernando Comar Ph.D. c, Maria Raquel Marc¸al Natali Ph.D. a
aDepartment of Morphological Sciences, State University of Maringa, Parana, Brazil
bCenter of Biological Sciences, State University of the North of Parana, Parana, Brazil
cDepartment of Biochemistry, State University of Maringa, Parana, Brazila r t i c l e i n f o
Article history:
Received 30 May 2012
Accepted 24 September 2012
Keywords:
Dietary restriction
Aging
Oxidative stress
Myenteric plexus
Intestinal wallThis work was ﬁnanced by the National Council for S
Development (CNPq).
* Corresponding author. Tel.: þ55-44-3261-4704; f
E-mail address: carlapossani@yahoo.com.br (C. P.
0899-9007  2013 Elsevier Inc.
http://dx.doi.org/10.1016/j.nut.2012.09.004
Open access under the Ela b s t r a c t
Objectives: To evaluate the effects of dietary restriction on oxidative status, the HuC/D–neuronal
nitric oxide synthase (nNOS) myenteric neuron population, HuC/D-S100 glial cells, and the
morphometry of the small intestine in rats at various ages.
Methods: Fifteen Wistar rats were divided into 7-and 12-mo-old control groups and a 12-mo-old
experimental group subjected to dietary restrictions (50% of normal ration) for 5 mo. At 7 and
12 mo of age, the animals were anesthetized, and blood was collected to assess the biochemical
components and oxidative status. Ileum samples were subjected to double-marker (HuC/D-nNOS
and HuC/D-S100) immunostaining and histologic processing to morphometrically analyze intes-
tinal wall elements and determine the metaphase index and rate of caliciform cells. The data were
subjected to analysis of variance and the Tukey post hoc test with a 5% signiﬁcance level.
Results: Age affected the oxidative status by increasing lipid peroxidation, with no effect on blood
components, intrinsic innervation, and intestinal wall elements. The animals subjected to dietary
restriction showed improved levels of total cholesterol, triacylglycerols, and oxidative status, with
no changes in the nNOS neuron population. However, the dietary restriction dramatically
decreased the glial and HuC/D myenteric populations, led to atrophy of the neuronal cell body,
induced glial hypertrophy, and decreased the thickness of the intestinal wall.
Conclusion: The high oxidative status of the aging animals was reversed by dietary restriction,
which also lowered cholesterol and triacylglycerol levels. The present dietary restriction elicited
morpho-quantitative changes in the myenteric plexus and histology of the ileum, with likely effects
on intestinal functions.
 2013 Elsevier Inc. Open access under the Elsevier OA license.Introduction
The enteric nervous system is composed of a group of neuronal
and non-neuronal cells (enteric glia) that modulate complex fun-
ctions, such as bowel movements, secretion, and blood ﬂow in the
gastrointestinal tract. Enteric neurons represent a complex and
varied population, the identity and function of which must be
known to better understand the mechanisms involved in digestivecientiﬁc and Technological
ax: +55-44-3011-4340.
Cirilo).
sevier OA license.physiology [1], whereas glial cells produce neurotrophic factors
and are involved in regulating the intestinal epithelial barrier [2].
Aging causes a decrease in the number of enteric neurons, the
loss of which may be linked to an increase in free radicals from
the diet [3] and attributable to a decrease of the neurotrophic
factors produced by glial cells. The analysis of neuron subpopu-
lations is important because some neurons may be more sus-
ceptible than others to aging [4].
Variations in myenteric plexus organization and the size and
morphology of the intestine can be observed during aging,
including increased small intestine length and muscular coat
thickness [5], reorganization of the remaining neurons [6], and
increased cell body size [4,5,7–10]. These variations are attrib-
utable to stress and the functional demand on certain types of
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survival and adaptation of the neurons that remain to guarantee
the preservation of intestinal function [9,10].
Experimental dietary restriction has been linked to lower rates
of tumor formation and increased immune system efﬁciency
[11], decreased cellular metabolism [12], improved neurotrophic
signaling in myenteric neurons [3], increased myenteric neuronal
plasticity, longevity, and survival [4], and the attenuated effects of
oxidative stress generated during the cellular respiration process
[13]. The presence of nutrients in the intestinal lumen stimulates
the growth of villi and crypts [14], thereby decreasing food
availability, and can lead to a decrease in digestion and intestinal
absorption.
The objective of the present work was to evaluate the effects
of dietary restriction on the morpho-quantitative aspects of the
myenteric plexus and intestinal wall and the oxidative status of
aging animals.
Materials and methods
Animals and treatment
Fifteen male Wistar rats (Rattus novergicus) were used. They were housed in
polypropylene cages with a 12-h light/12-h dark cycle and a temperature of 22 
2C. The animals were distributed into 7-mo-old (C7) and 12-mo-old (C12)
control groups that received a standard NUVILAB-NUVITAL (Curitiba, PR, Brazil)
rodent chow ad libitum and an experimental group subjected to dietary
restriction from 7 to 12 mo of age (RA12) that received 50% of the mean daily
ration of the control rats fed ad libitum. Body weight, ration intake, and water
intake were monitored. All the procedures were approved by the committee for
ethics in animal experiments of the State University of Maringa.
Tissue collection
At 7 and 12 mo of age, the mitotic fuse blocker vincristine sulfate (0.5 mg/
kg) was administered through the penile vein for the later analysis of cell
proliferation. Two hours later, the animals were anesthetized intraperitoneally
with sodium thiopental (Thionembutal 40 mg/kg) (S~ao Paulo, SP, Brazil), and
the naso–anal length was measured to determine the Lee index ([body weight1/
3 {g}]/naso–anal length [cm]  1000). Blood was collected by cardiac puncture
to determine the levels of biochemical components and evaluate the oxidative
status of the animals.
A laparotomy was performed to collect and measure the small intestine and
weigh peri-epididymal and retroperitoneal adipose tissues. Ileum segment
samples (10 cm) were removed from the ileocecal junction, measured length-
wise, and designated for double-marker HuC/D (pan-neuronal marker)–neuronal
nitric oxide synthase (nNOS) and HuC/D-S100 (glial cell marker) immunostaining
and histologic processing for intestinal analysis.
Biochemical analysis of blood components
To analyze the levels of total proteins, albumin, globulins, triacylglycerols,
total cholesterol, and glucose, blood was collected, and the samples were
centrifuged at 3000 rotations/min for 15 min using Analisa kits (Gold Analisa
Diagnostica, Minas Gerais, Brazil).
Evaluation of oxidative status
The collected blood was placed in tubes that contained ethylenediaminete-
traacetic acid as an anticoagulant at a concentration of 3 mmol/L and centrifuged at
1000  g for 10 min. Plasma was isolated and frozen at 80C. The residual sedi-
ment was subjected to two rinsing cycles by resuspension and recentrifugation of
the sediment at 1000  g using 0.9% NaCl. The resulting cell mush was used to
evaluate oxidative status in erythrocytes. All the procedures were performed at
temperatures lower than 4C.
Lipid peroxidation levels in plasmawere determined using the thiobarbituric
acid-reactive substances (TBARS) method [15]. This colorimetric method quan-
tiﬁes low-mass molecules, particularly malondialdehyde, that react with thio-
barbituric acid in acidic medium, forming a complex absorbed at 532 nm. The
lipoperoxide concentration was determined using a 1.56  105 M/cm molar
extinction coefﬁcient, and the values are expressed as nanomoles of TBARS per
milliliter of plasma.
Lipid peroxidation levels in erythrocytes were determined using the TBARS
method [16]. Aliquots of the washed erythrocyte suspension were resuspendedwith phosphate buffered saline (PBS; NaCl 8.1 g/L, Na2HPO42 2.302 g/L, and
NaH2PO4 0.194 g/L, pH 7.4) and deproteinized with 30% trichloroacetic acid.
After sitting in an ice bath for 2 h, the material was centrifuged at 2000  g for
10 min, and the TBARS levels were determined in the clear supernatant similarly
to plasma. The values are expressed as nanomoles of TBARS per gram of hemo-
globin. Hemoglobin content was determined using the cyanmethemoglobin
method.
Immunohistochemistry of myenteric neurons and enteric glia
Ileum samples were rinsed in 0.1 M PBS (pH 7.4), tied off at both ends, ﬁlled
in, and distended with 4% paraformaldehyde ﬁxer (pH 7.4) for 2 h. The samples
were later opened and washed in 0.1 M PBS (pH 7.4) for 24 h at 4C and stored in
0.1 M PBS (pH 7.4) with 0.08% sodium azide at 4C. Whole-mount muscle
membrane preparations were obtained by dissection under a stereomicroscope
with transillumination.
HuC/D-nNOS and HuC/D-S100 double staining
The whole-mount preparations were washed twice in 0.1 M PBS (pH 7.4)
with 0.05% Triton X-100 for 10 min and blocked for 1 h in a solution that
contained 0.1 M PBS (pH 7.4), 0.05% Triton X-100, 2% bovine serum albumin, and
10% goat serum to prevent non-speciﬁc bonding. The tissues were then incu-
bated for 48 h in a solution that contained 0.1 M PBS (pH 7.4) with 0.05%Triton
X-100, 2% bovine serum albumin, 2% goat serum, and primary antibodies. For
HuC/D-nNOS double staining, anti-HuC/HuD antibodies produced in mice
(Invitrogen, Eugene, OR, USA), and anti-nNOS antibodies produced in rabbits
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used. For HuC/D-S100
double staining, anti-HuC/HuD antibodies produced in mice and anti-S100
antibodies produced in rabbits (Sigma, St. Louis, MO, USA) were used. The
dilutions of the anti-HuC/HuD, anti-NOS, and anti-S100 antibodies were1:500;
1:500, and 1:200, respectively.
After incubation, the membranes were washed three times in 0.1 M PBS
(pH 7.4) with 0.05% Triton X-100 for 5 min and incubated with secondary Alexa
Fluor 488 anti-mouse antibodies (Invitrogen) and Alexa Fluor anti-rabbit 546
(Invitrogen) for 2 h at room temperature, both at a 1:500 concentration. The
preparations were washed with PBS, mounted on microscope slides, and cover-
slipped with glycerol.
Morpho-quantitative analysis
The quantiﬁcation of the total HuC/D myenteric neuron population, nNOS-
positive nitrergic subpopulation, and glial cells (S100) was undertaken in 64
microscopic images per animal in the intermediate (32 images) and anti-
mesenteric (32 images) regions of the intestinal circumference using an Olympus
BX40 light microscope (Olympus America, Burnaby, BC, Canada) equipped
with ﬁlters for immunoﬂuorescence and coupled to a Moticam 2500 camera
(Moticam, Hong Kong, China) that featured a 20 lens. The total area analyzed
per animal was 5.9 mm2/technics. The area of 100 cell bodies per animal was
measured using Image-Pro Plus 4.5 (Media Cybernetics, Silver Springs, MD, USA).
Histologic analysis
Ileum samples were ﬁxed in Bouin ﬁxative for 6 h, embedded in parafﬁn, and
subjected to microtomy (Leica RM 2145 microtome) (Wetzlar, Germany),
resulting in 6-mm-thick semi-serial sections. The sections were stained with
hematoxylin and eosin, and 100 random points of the intestinal wall, muscular
coat, and mucosa tunic were measured in micrometers in 10 histologic sections
per animal.
Other samples were embedded in historesin (Leica Historesin Kit), and 2.5-
mm-thick semi-serial sections were made and stained with hematoxylin and
eosin. The heights of 90 villi and 90 crypts were measured from images captured
using an Olympus BX41 optical microscope equipped with a 10 lens and
coupled to a Q Color 3 high-resolution camera (Olympus America) and analyzed
using Image-Pro Plus 4.5 (Media Cybernetics).
Themetaphase indexwas obtained in longitudinal crypt sections with visible
lumen. In total, 2500 cells were counted per animal [17]. The obtained value for
cells in metaphase was multiplied by the Tannok constant (Kt ¼ 0.57) to correct
the tissue geometry and avoid overestimating the number of cells in metaphase
[18]. Therefore, metaphase index ¼ number of cells in metaphase  100  Kt/
total number of cells in the crypts.
To evaluate the rate of goblet cells reﬂected by the periodic acid-Schiff
histochemical method, 2500 cells were quantiﬁed per animal in intact villi. The
ratio of the number of caliciform cells to the number of enterocytes in each villus
was deﬁned as the goblet cell index. Therefore, the goblet cell index¼ (number of
caliciform cells/total number of cells in the villus)  100. An Olympus BX41
binocular optical microscope with a 40 lens was used for metaphase index and
goblet cell index analyses.
Table 2
Biochemical blood parameters in groups C7, C12, and RA12
C7 group C12 group RA12 group
Total cholesterol
(mg/dL)
98.07  9.08ab 112.90  7.51a 76.64  1.38b
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The data were analyzed using GraphPad Prism 5.0 (GraphPad, San Diego, CA,
USA). The Shapiro-Wilk test, one-way analysis of variance, and the Tukey post
hoc test were used to analyze the data. The signiﬁcance level was 5%, and the
results are expressed as mean  standard error.Triacylglycerols
(mg/dL)
130.90  9.88a 153.70  11.40a 91.55  5.46b
Total proteins (g/dl) 6.03  0.26a 7.05  0.21b 6.52  0.19c
Albumin (g/dL) 2.25  0.10a 2.50  0.07a 2.32  0.05a
Globulins (g/dL) 3.78  0.10a 4.55  0.09b 4.20  0.08c
Glycaemia (mg/dL) 127.10  3.40a 109.10  4.47b 114.40  3.34a,b
C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; RA12,
12-mo-old rats subjected to dietary restriction
Values are expressed as mean SE (n¼ 5). Means followed by different letters in
the same row differ signiﬁcantly (P < 0.05).Results
Animal treatment
The period of dietary restriction did not cause hair loss,
diarrhea, or lethargic behavior in the animals. Body weight gain
and decreased ration intake (P < 0.05) were observed in the C12
compared with the C7 group. The RA12 group exhibited
decreased body weight and ration intake and increased water
intake compared with the other groups (P < 0.05).
The Lee index, a parameter regarded as analogous to the body
mass index, did not differ (P > 0.05) in the C7 and C12 groups.
The RA12 group showed a signiﬁcant decrease (P < 0.05) of the
Lee index compared with controls.
A signiﬁcant decrease also was observed in the weight of
adipose tissues (peri-epididymal and retroperitoneal) isolated in
rats from the RA12 group compared with the other groups.
Although non-signiﬁcant, the adipose tissue weight in the
properly fed C12 group was greater than in the C7 group
(Table 1).
Biochemical analysis of blood components
No effect of age (C7 and C12) was found on the levels of total
cholesterol and triacylglycerol, the values of which were lower (P
< 0.05) in the animals subjected to dietary restriction. Signiﬁcant
differences (P < 0.05) were found in the levels of total proteins
and globulins among all the groups. This did not indicate protein
malnutrition, but rather constant albumin levels. Glycemia was
lower in the C12 group (P < 0.05) compared with the other
groups, with no difference between the C7 and RA12 groups
(Table 2).
Oxidative status
Erythrocyte and plasma TBARS levels increased in the C12
group during the aging process (P < 0.05). A positive effect of
dietary restriction was reﬂected by a decrease in erythrocyte
TBARS levels (P< 0.05) and plasma TBARS levels (P> 0.05) in the
blood of the RA12 group (Fig. 1).Table 1
Final body weight, ration and water intakes, Lee index, and weight of PER and
RET in groups C7, C12, and RA12
C7 group C12 group RA12 group
Body weight (g) 458.30  23.63a 497.10  23.63b 359.60  26.81c
Ration intake (g) 27.43  0.96a 24.56  2.55b 15.60  1.34c
Water intake (mL) 43.7  3.76a 40.11  5.30a 65.41  11.44b
Lee index* 295.6  2.86a 301.2  3.60a 270.2  6.39b
PER (g) 7.80  1.35a 9.49  0.35a 3.25  0.24b
RET (g) 7.88  1.14a 10.04  1.25a 1.42  0.23b
C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; PER,
peri-epididymal adipose tissue; RA12, 12-mo-old rats subjected to dietary
restriction; RET, retroperitoneal adipose tissue
Values are expressed as mean SE (n¼ 5). Means followed by different letters in
the same row differ signiﬁcantly (P < 0.05).
* Body weight1/3/naso–anal length  1000.Morpho-quantitative analysis of myenteric plexus
Ganglionic morphology was preserved in all the groups. HuC/
D-nNOS double staining showed that nitrergic neurons were
located predominately in the periphery of the ganglion, whereas
the other neurons were inside (Fig. 2A–C). HuC/D-S100 double
staining indicated that glial cell bodies were smaller than
neuronal bodies but were more numerous, with an approximate
ratio of 1 neuron per 1.51, 1.47, and 1.46 glial cells in the C7, C12,
and RA12 groups, respectively (Fig. 3A–C).
Age did not quantitatively affect the HuC/D population,
positive nNOS subpopulation, or enteric glia when comparing
the C7 and C12 groups. However, 50% dietary restriction
decreased the HuC/D population and enteric glia (P < 0.05)
without affecting the nitrergic population (Figs. 2D and 3D).
The morphometric analysis showed no differences in the
intermediate area of the cell proﬁle of the HuC/D neuron pop-
ulation, positive nNOS subpopulation, or glial cells between the
C7 and C12 groups, indicating the absence of an effect of age. In
the animals subjected to dietary restriction (RA12 group),
a decrease was observed in the cell proﬁle area of HuC/D
neurons, with an increase in the area of glial cells (P < 0.05) and
no effect on the nitrergic subpopulation (Table 3).Fig. 1. Erythrocyte and plasma TBARS levels in groups C7, C12, and RA12. # Signiﬁ-
cant difference compared with the C7 group (P < 0.05). * Signiﬁcant difference
compared with the C7 and C12 groups (P < 0.05). C7, properly fed rats at 7 mo of age;
C12, properly fed rats at 12 mo of age; RA12, 12-mo-old rats subjected to dietary
restriction; TBARS, thiobarbituric acid-reactive substances.
Fig. 2. Myenteric plexus neurons in the ileum of rats (magniﬁcation 20). (A) Total HuC/D neuron population. (B) Positive nNOS subpopulation. (C) Superimposition of
images A and B. (D) Graph that compares the mean number of HuC/D and nNOS neurons among the C7, C12, and RA12 groups. * Signiﬁcant difference compared with the C7
and C12 groups (P < 0.05). C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; nNOS, neuronal nitric oxide synthase; RA12, 12-mo-old rats subjected to
dietary restriction.
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No effect of age was found on the small intestinal area, total
wall and mucosa tunic thicknesses, villus height, crypt depth,
and villus/crypt ratio when comparing the C7 and C12 groups.
However, the muscular coat decreased in the C12 group
compared with the C7 group (P < 0.05; Table 4).
In the RA12 group, the intestinal area was unchanged, with
signiﬁcant decreases (P < 0.05) in the total ileum wall, mucosa
tunic, villus height, crypt depth, and villus/crypt ratio compared
with the C7 and C12 groups. The muscular coat was smaller in
the C12 and RA12 groups than in the C7 group, but the difference
was signiﬁcant only in the C12 group.
The cell proliferation analysis showed a decrease in the
metaphase index in the C12 and RA12 groups compared with the
C7 group (P < 0.05). The rate of caliciform cells did not vary
among the groups (P > 0.05).
Discussion
Experimental model and nutritional status of animals
The present study used 7- and 12-mo-old rats [19,20]. The
dietary restriction model has been one of the most widely
discussed forms of nutritional intervention used to extend the
life span of different animal species. Studies that feature the
term caloric restriction and decrease the amount of food without
manipulating the quantity and quality of calories are frequent [3,
19]. The present work considered the term dietary restriction as
more appropriate than caloric restriction because we imposed
a decrease of the supply of caloric content, in addition toa decrease of other dietary components, such as proteins, amino
acids, and minerals.
In the aged control animals (C12 group), therewas an increase
in body weight despite a decrease of ration intake compared
with adult controls in the C7 group, and no change in water
intake. Greater fat accumulation in the body occurs with aging
[21], conﬁrmed by the increased weight of peri-epididymal and
retroperitoneal adipose tissues [22]. A decrease in ration intake
with aging was found in the control animals. The increase in
body fat may have occurred because of several different factors,
including decreased spontaneous physical activity, decreased
basal energy requirements of the cells [23], and a lower lean
massdparticularly muscle massdthat occurs during the aging
process [24].
Dietary restriction led to decreased body weight and adipose
tissue. This is attributable to an increase in lipid metabolism,
directly reﬂecting body composition [25]. The ration intake in
RA12 animals should not be considered a parameter for
comparison because it was an imposed condition. The signiﬁcant
increase in water intake can be attributable to a compensatory
mechanism that reﬂects lower ration availability [25].
The Lee index [26] is used in models that affect metabolism,
such as obesity [27,28] and dietary restriction [29], and it did not
differ between the two control groups. However, the Lee index
was lower in the animals subjected to dietary restriction, con-
ﬁrming the efﬁcacy of our model, especially when linked to
adipose tissue weight.
The levels of total cholesterol and triacylglycerol remained
constant with age, with a decrease in the animals subjected to
dietary restriction. This suggests a positive effect when the
amount of ingested food is decreased because any increase has
Table 4
Intestinal morphometry, including SI area, thickness of total wall, mucous tunic,
muscular coat, villus height, crypt depth, villus/crypt ratio, metaphase index, and
rate of caliciform cells in groups C7, C12, and RA12
Fig. 3. Myenteric plexus neurons and enteric glia in the ileum of rats (magniﬁcation 20). (A) Total HuC/D neuron population. (B) Glial cells (S100). (C) Superimposition of
images A and B. (D) Graph that compares the mean number of HuC/D neurons and glial cells among the C7, C12, and RA12 groups. * Signiﬁcant difference compared with the
C7 and C12 groups (P < 0.05). C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; RA12, 12-mo-old rats subjected to dietary restriction.
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atherosclerosis [30].
The lower glycemic value observed in the C12 group
compared with the C7 and RA12 groups does not indicate an
effect of age or dietary restriction. In the literature, despite some
disagreements, the reference values for glycemia in adult rats are
84.7 to 131.9 mg/dL [31], indicating that the values obtained in
the present study were within normal limits. Values for total
proteins, albumin, and globulins also were within the reference
values for Wistar rats [32,33]. Therefore, dietary restriction did
not cause a state of malnutrition.
Oxidative status
An increase in lipid peroxidation was observed with age,
resulting in higher plasma and erythrocyte TBARS levels. In
animals subjected to dietary restriction, lipid peroxidation was
lower than in the control groups. These results demonstrate
a positive effect of dietary restriction on oxidative status. TheTable 3
Cell proﬁle (area) of HuC/D neurons, nNOS neurons, and enteric glia (square
micrometers) in groups C7, C12, and RA12
C7 group C12 group RA12 group
HuC/D neurons 399.9  13.88a 403.2  8.59a 356.7  8.56b
nNOS neurons 304.2  14.86a 326.0  17.18a 302.6  9.44a
Glial cells (S100) 82.64  1.76a 83.64  2.96a 90.35  0.44b
C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; nNOS,
neuronal nitric oxide synthase; RA12, 12-mo-old rats subjected to dietary
restriction
Values are expressed as mean SE (n¼ 5). Means followed by different letters in
the same row differ signiﬁcantly (P < 0.05).formation of free radicals is considered one of the main factors in
the etiology of aging. Antioxidant substances are decreased
during the aging process, further favoring the occurrence of
oxidative stress [34] and justifying the increase in TBARS levels
during aging. Dietary restriction may attenuate the effects of
oxidative stress during the cellular respiration process, thus
lowering the levels of free radicals [13,35].
Morpho-quantitative analysis of myenteric plexus
No quantitative changes were observed in HuC/D neurons,
nitrergic neurons (nNOS), or glial cells (S100) in the C7 and
C12 animals. A progressive decrease in the number of enteric
neurons with aging frequently has been reported in theC7 group C12 group RA12 group
SI area (cm2) 96.05  3.41a 111.6  4.18a 95.35  6.33a
Total wall (mm) 758.40  11.64a 663.90  31.50a 540.60  32.19b
Mucosa tunic (mm) 605.00  10.75a 550.70  29.14a 417.70  30.60b
Muscular coat (mm) 105.50  3.85a 82.25  5.80b 89.73  4.12a,b
Villus height (mm) 416.30  11.62a 373.50  19.97a 245.90  16.50b
Crypt depth (mm) 227.40  8.15a 229.20  9.47a 171.20  11.63b
Villus/crypt ratio 1.83  0.06a 1.62  0.06a,b 1.43  0.07b
Metaphase index (%) 6.63  0.35a 4.49  0.33b 4.63  0.34b
Goblet cell index (%) 18.35  0.80a 16.10  0.74a 16.85  0.70a
C7, properly fed rats at 7 mo of age; C12, properly fed rats at 12 mo of age; RA12,
12-mo-old rats subjected to dietary restriction; SI, small intestinal
Values are expressed as mean SE (n¼ 5). Means followed by different letters in
the same row differ signiﬁcantly (P < 0.05).
C. P. Cirilo et al. / Nutrition 29 (2013) 673–680678literature for myenteric neurons in the small [9,20] and
large [7,19,36] intestines in different species, with various
types of responses according to neuronal population and
subpopulation.
The number of nitrergic neurons, which inhibit different
gastrointestinal segments in rodents, remained constant with
age [4,7]. This indicates that not all enteric neurons are similarly
affected by aging.
No decreases were observed in the HuC/D and nitrergic
neuronal populations, which may be attributable to the ages
under analysis (7 and 12 mo). In rats, a signiﬁcant decrease in
the number of neurons in the small and large intestines has
been reported beginning at 12 mo of age [9,36] and continuing
throughout the life span. Another factor that supports this
hypothesis is the lack of differences in glial cells, which are
responsible for the production of neurotrophic factors that are
important for neuronal development and maintenance as age
advances [9]. The loss of glial cells precedes neuronal loss [36],
justifying the unchanged number of HuC/D and nNOS neurons
in the C12 animals. Conversely, in the 12-mo-old rats sub-
jected to dietary restriction, a signiﬁcant decrease was found
in the HuC/D neuron population and glial cells, whereas the
nNOS subpopulation did not change compared with the other
groups.
No changes were found in the number of nNOS neurons with
age or in response to the dietary restriction, indicating that these
neurons are indeed more resistant to the aging process [7] and
the imposed nutritional condition.
The literature has proposed several reasons for neuron loss,
including the increased production and accumulation of free
radicals [3], a decrease in neurotrophic factors derived from glial
cells [37], apoptosis activation, changes in gene expression or
mutation in certain genes [38], alterations in Ca2þ signaling [38],
and mitochondrial dysfunction [37,39].
Conversely, caloric restriction has been shown to decrease
oxidative damage to macromolecules, improving repair [35],
leading to lower rates of mitochondrial free radicals, decreasing
cell metabolism and apoptosis [12], and improving neurotrophic
signaling [40]. Neuronal loss in animals subjected to dietary
restriction did not corroborate the aforementioned beneﬁts.
Some hypotheses could be formulated to explain this neuronal
loss. One hypothesis is that the number of glial cells was
decreased, compromising their ability to produce neurotrophic
factors that are important for neuron maintenance [9] and the
decrease of which has been linked to neuronal death [37].
Another hypothesis is that the imposed nutritional status could
have hindered neuron–glia homeostasis. Glia act by regulating
extracellular pH by buffering the levels of extracellular ions,
such as Kþ and Naþ, participating in the immune response,
capturing neurotransmitters such as glutamate and g-amino-
butyric acid, and providing substrates for neurotransmitter
synthesis [41,42].
No changes in the morphometry of the cell proﬁle area were
observed in HuC/D and nNOS neurons and glial cells in the C7
and C12 groups. No changes in the mean number of myenteric
neuron cell bodies were observed in the small intestine up to 15
mo [9], whereas neuronal hypertrophy was found at 24 mo [7].
These results support the hypothesis that neuronal hypertrophy
attributable to aging stress is linked to a decrease of the number
of these neurons, aiming to preserve peristaltic function, intes-
tinal secretion, and absorption [7]. At 12 mo of age, HuC/D and
nNOS neurons and glial cells in properly fed animals are mor-
phofunctionally preserved.Variations in the cell area of enteric neurons demonstrate the
signiﬁcant plasticity of these cells in response to different
experimental manipulations and changes in the luminal envi-
ronment of the gastrointestinal tract, with a decrease [43] or
maintenance [8] in malnourished rats and a decrease [27] or
maintenance [28] in obese rats.
Nevertheless, with the exception of nitrergic neurons, the
population of which remained as expected [4,36], the animals
subjected to dietary restriction exhibited a decrease of the cell
area of the HuC/D population and larger glial cell bodies. An
increase in the activity of the remaining glial cells resulted in
hypertrophy of their cell bodies, whereas neurons exhibited
a decrease of activity and cell atrophy attributable to the inﬂu-
ence of dietary restriction.
Hypertrophied glial cells in the brain (i.e., astrocytes) with
greater proliferation of their extensions have been associated
with an increase in the synthesis of glial ﬁbrillary acidic
protein and vimentin after brain injury [44]. These central
nervous system effects support our hypothesis that enteric glia
hypertrophy may also occur because of greater intracellular
protein synthesis in the cytoskeleton, increasing functional
capacity.
In neural lesion models, prolonged dietary restriction has
apparently neuroprotective effects and promotes functional
recovery. One hypothesis presented by Sharma and Kaur [45]
suggests that dietary restriction combined with mild stress
improves cell defense systems and protects neurons against
subsequent severe stress, such as brain lesions.
Thus, unlike studies that used caloric restriction as a neuro-
protective agent, the present results indicate that the experi-
mental model used herein, in which rats were supplied with
50% of the normal daily ration for 5 mo, may be considered
a severe, rather than mild, form of stress, with signiﬁcant
morphologic repercussions on the population of HuC/D neurons
and glial cells, sparing nitrergic neurons given their proved
greater resistance.
Histologic analysis
The absence of an effect of age on the intestinal area, total
wall, mucosa tunic, villus height, and crypt depth indicates the
preservation of functions that are aimed primarily at absorption
[46]. A decrease of the muscular coat was observed in the C12
group compared with the C7 group. This result differs from that
of Marese et al. [9], in which no muscular coat changes were
observed at different ages. Muscle hypertrophy has been
observed in denervation models [47], and responses similar to
the present results have been found in malnutrition models
[48].
In animals subjected to dietary restriction (RA12 group),
signiﬁcant decreases in the thickness of the intestinal wall,
mucosa tunic, crypt depth, and villus height were detected.
However, no differences were found in intestinal area and
muscular coat thickness between the C12 and RA12 groups. The
results obtained for the muscular coat and its elements are
common in research that involves dietary manipulation,
particularly studies that decrease the food supply, because
nutrient availability in the intestinal lumen acts as a trophic
factor [14].
The presence of nutrients in the lumen stimulates the growth
of villi and crypts [49]. Given the decreased intestinal parameters
and lower villus/crypt ratio, a decrease in digestion and intestinal
absorption was observed in those animals.
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and RA12 groups compared with the C7 group. The duration of
the progenitor cell cycle in the intestinal epithelium has been
shown to increase with age [50], with changes in the number of
intestinal epithelia [51], demonstrating that age inﬂuences cell
proliferation.
Despite the absence of differences between the RA12 and C12
groups, the cellular kinetics of the mucosa may also have
undergone disequilibrium. The renewal of intestinal epithelium
cells is a dynamic process that results from two cytologic events
associated with cell renewal and extrusion. Whenever the
intestine responds to a given condition by increasing the extru-
sion rate, with an unchanged or decreased proliferation rate,
villus height decreases, with consequential functional compro-
mise [14].
The rate of goblet cells did not vary among the groups.
Although villus height and crypt depth did not change in aged
animals and were lower in animals subjected to dietary restric-
tions, the population of caliciform cells did not change, and the
production of mucins was preserved, indicating that other
factors may be related to the kinetics of this cell type.
Conclusion
The aging process alters oxidative status, resulting in
increased lipid peroxidation that in turn is reversed by dietary
restriction that also lowers the levels of cholesterol and tri-
acylglycerol. The present dietary restriction model elicited
morpho-quantitative changes in the myenteric plexus and
histology of the ileum, with likely effects on intestinal function.
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